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Abstract In several oilfields, reservoir souring by genera-
tion of hydrogen sulfide (H2S) occurs in secondary recovery
during which seawater is injected into originally sweet res-
ervoirs. At the production site, high concentrations of H2S
can cause severe damage to both equipment and human per-
sonnel. Proper modeling of H2S concentration in produced
fluids can be useful for decision-making during field develop-
ment design. We present a model for the transport of H2S in
an oil- and water-saturated, water-wet porous medium. The
different retardation mechanisms for the H2S are described.
For the adsorption of H2S to rock, we include two distinct
phases of adsorption. In addition, we introduce a functional
relationship between adsorption capacity and permeability.
As H2S mixes with oil, fractions become immobile as part
of the residual oil.
1 Introduction
It is well established that the main cause of reservoir sour-
ing is the growth of sulfate-reducing bacteria (SRB) which
generate H2S. In [15], they present a one-dimensional, sin-
gle-phase flow and reaction model for the transport of H2S
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in a water-saturated reservoir. They simulated two basic and
distinct concepts for H2S production due to growth of SRB:
(1) growth takes place in the mixing zone of injected water
and formation water as introduced in [12], and (2) in a novel
approach, growth takes place in biofilms close to the injec-
tion well. H2S production profiles from field data correlated
with (2) and did not match with (1). A second novelty in their
model was the modeling of the adsorption of H2S to reser-
voir rock which was also crucial for the model to match the
field data. In [6], a model for both generation and transport
of H2S in an oil-water system is presented. In the modeling
of transport, they apply a partition coefficient that depends
mainly on temperature and only weakly on pressure to deter-
mine the ratio of H2S concentration in the two phases (oil
and water). In our model, we consider a water-wet porous
medium which is initially oil-filled to residual water satura-
tion and into which water containing H2S is injected. We
do not include reaction processes, i.e., we do not model
the generation of H2S. We assume that H2S is generated
by bacterial growth close to the injection well. Under the
given conditions, oil and H2S are assumed to be fully mis-
cible, whereas a limited amount of H2S may dissolve in
water.
The objective of this paper is to present a qualitative model
for the transport of H2S in oil reservoirs, describing the dif-
ferent retardation mechanisms separately and in relation with
the mathematical model. Comparing numerical results with
field data is beyond the scope of this article as we perform
only qualitative sensitivity tests for explanatory purposes. For
a discussion on industrial applications of reservoir souring
models, see [5].
In Sect. 2, we present the physical concept of the model. In
Sect. 3, we present the mathematical model, and in Sects. 4
and 5, we describe the different retardation mechanisms. In
Sect. 6, we briefly explain the numerical solution approach.
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In Sect. 7, we present sensitivity test examples, and conclud-
ing remarks are given in Sect. 8.
2 Physical model
Following the conclusions in [15], we assume that the sul-
fate-reducing bacteria (SRB) are able to live and reproduce,
and hence generate H2S, only close to the injection well. The
computational domain is defined such that the direction of
production is from West to East, i.e., there is inflow at West
and outflow at East. At the West boundary, there is inflow
of H2S and inside the domain there is no source/produc-
tion of either H2S or SRB. We assume no temporal or spa-
tial variation for the temperature within the computational
domain. The porous medium is assumed to be water-wet and
initially oil-saturated up to residual water saturation. At the
West boundary of the computational domain, the oil satu-
ration is assumed to be zero such that the inflow is water
containing H2S. We assume that H2S and oil are miscible
at reservoir conditions, hence H2S does not form a separate
phase.
3 Mathematical model
Here we present the mathematical setup for our specific
model. For general multiphase multicomponent models, see
e.g. [14].
The phases are oil (o) and water (w), and the compo-
nents are oil, water and hydrogen sulfide, H2S, for simplicity
denoted by (g). We define α = (o, w) and i = (o, w, g).
For the phases α, we define the relative permeability krα , the
viscosity μα , the pressure pα , the density ρα and the satura-
tion Sα . The absolute permeability tensor is denoted by K.
We assume that the variance in depth of the reservoir is small
enough to set the gravitational acceleration g as a constant.
The Darcy velocity uα for the phase α is then
uα = krα
μα
K(∇ pα − ραg). (1)
We define the diffusion coefficient diα for component i
in phase α and the tortuosity τα which is a measure for the
irregularity of the flow paths. Using the approach introduced





The diffusion tensor Diα for the component i in phase α is
then given by
Diα = ταφSαdiαI, (3)












where Xiα is the mass fraction of component i in phase α.
We define the amount Ai of adsorbed mass of component
i to rock. This is discussed in Sect. 5. Finally, porosity φ
is assumed to be constant in time, so that we have for i =
(w, o, g) the following mass balance equation:
φ
∂(Ni + Ai )
∂t






Equation (6) represents three equations. In the case that both
phases are present (other cases are discussed in Sect. 6.1),
we solve Eq. (6) for the independent variables Sw, po and
X go . To close the system, we need to determine the secondary
variables as functions of the primary variables. First, we have
that the saturations must satisfy
Sw + So = 1. (7)
We have the capillary pressure relation
pc = po − pw, (8)
where the capillary pressure is set to be a function of the
water saturation, pc = pc(Sw). Relative permeability is also
a function of saturation, krα = krα(Sα). The densities and
viscosities may be functions of pressure and temperature,
ρα = ρα(pα, T ) and μα = μα(pα, T ).
Further, we need functional relations between the mass
fractions, relations through which important dynamics are
modeled in our work. This is explained in the Sect. 4.
4 Equilibrium equations
The mass fractions of the components oil and water in the
water and oil phases, respectively, are set to be functions of
thermodynamical variables T = (po, pw, T ):
Xow = f1(T), (9)
and
Xwo = f2(T). (10)
The absorption of H2S in oil and water is modeled through
the determination of the mass fractions of H2S in the two
phases, and is explained in Sect. 4.1.
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4.1 Partitioning of H2S
The total amount of H2S present is assumed to be instanta-
neously distributed in oil, water, and the surface of the rock,
i.e., kinetics are not modeled. This is justified by the large
ratio between the mass transfer velocities and the flow veloc-
ities. We explain the distribution of H2S in the case where
both phases are present, i.e., when X go is a primary variable.




K H (T )
(11)
where K H (T ) is the Henry constant given by [3,10]:
logK H (T ) = 84.44 + 0.0101845T − 3.792 × 10
3
T
−29.5008 log(T ) [MPa], (12)




X iα = 1, (13)
hence with the definitions above, all mass fractions are
defined, and the system of equations is closed in a REV in
which both phases are present. On the other hand, when only
one of the phases is present, a change in the set of primary
variables is necessary. This is explained in Sect. 6.1.
5 Adsorption
A fraction of the H2S gets adsorbed by the rock. Water being
the wetting phase in our model, we assume that the rate of
adsorption of H2S at the rock surface is a function of the
concentration of H2S in water and not directly dependent on
X go . The amount Ag of adsorbed H2S is then a function of
X gw and of thermodynamical variables:
Ag = Ag(X gw, T). (14)
Note that no other adsorption processes are considered here,
i.e., Aw = Ao = 0. An adsorption capacity Cr for the rock
should define an upper limit for A, and A should increase
with increasing X gw. A simplistic approach to the adsorption
function is:
Ag = Cr X
g
w
k + X gw
, (15)
where k = k(T) is a function of thermodynamical variables.
It is the value of X gw at which half the adsorption capacity
is reached. Note that in this approach, Ag is a Langmuir
isotherm [11], i.e., no kinetics are involved in the mod-
eling of the adsorption. In [15], it is emphasized that no
Fig. 1 Adsorption functions A1 and A2 for the two adsorption phases
isotherm can satisfy all the properties one would expect from
the adsorption of H2S at the rock, since the isotherm only
depends on the concentration of H2S in the fluid and does
not take into account the amount of currently adsorbed H2S.
They point out that the adsorption process consists of two
phases, the first of which has a higher affinity and lower
capacity than the second. To approach the distinction of the
two phases of adsorption, we define two adsorption functions
A1(X
g
w, k1, Cr1) and A2(X
g
w, k2, Cr2) for the first and the sec-
ond phase, with Cr1 < Cr2 and k1 < k2, see Fig. 1. For a given
set of parameters and H2S concentration in water, A is then
chosen such that A = max(A1, A2).
5.1 Adsorption capacity related to permeability, porosity
and surface area
The adsorption capacity is related to the surface area of the
reservoir rock. It is not straightforward how to include this
relation in a Darcy-scale model, and here we present our
approach. In Kozeny’s equation, porosity φ, surface area M
and permeability K (here considered a scalar) are related by:




where c, called Kozeny’s constant, varies with the geometri-
cal shape of the pore channels [2]. We define reference values











To reduce the degrees of freedom, we assume that changes
in φ are much smaller than changes in K or M and neglect
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We use the numerical simulator MUFTE-UG, developed at
University of Stuttgart and University of Heidelberg see
[1,8]. UG is a general platform for solving partial differen-
tial equations, and the MUFTE part is where the discretized
equations are specified. The latter is briefly explained in the
following. A fully implicit Euler scheme is applied for the
storage term. For spatial discretization, the BOX method [7]
is applied. The BOX method is locally mass conservative and
can be used for unstructured grids. For stable and non-oscil-
lating solutions, a fully upwind technique is applied for the
advection term, whereas non-physical spatial oscillations are
avoided by the mass lumping technique [9]. The non-linear
system of three coupled partial differential equations is lin-
earized by the Newton-Raphson method, and line search is
carried out to evaluate the need for time step reduction.
6.1 Adaptive choice of primary variables
As Eq. (6) represents three independent equations, we have
to determine three independent primary variables in order
to describe the thermodynamical state of the system. The
choice of the primary variables must be consistent with the
phase state. It must be possible to calculate all secondary
variables from the primary variables. For instance, if only
water is present then the amount of H2S in water cannot be
calculated through the amount of H2S in oil, hence X gw must
be a primary variable, and accordingly for Xow. The primary
variables are switched when the solution for the current set of
primary variables becomes non-physical. For example, given
a situation in which both phases are initially present, one of
the two phases may disappear if the solution for its saturation
becomes negative. In this case, the initial primary variable,
i.e., the saturation, is replaced by the mass fraction of that
component in the phase which is still present. In a single-
phase system, on the other hand, the appearance of a second
phase is warranted if the mass fraction of a component in
the phase exceeds its solubility limit. In this case, the mass
fraction is substituted by a saturation as the primary variable.
In Table 1, the different phase states and the corresponding
sets of primary variables are listed.
Table 1 Phase states and corresponding primary variables
Phase state Phases present Primary variables
Oil phase Oil (o) Xwo , po, X go
Water phase Water (w) Xow, pw, X gw
Both phases w, o Sw, po, X go
Fig. 2 Boundary and initial conditions for the standard case simulation
For a schematic overview of the algorithms and more on
the switch in primary variables, see e.g. [4].
7 Simulations
Here, we present a qualitative sensitivity test study. The res-
ervoir is small and two-dimensional, 10 × 10 m2, for the
sake of computational efficiency. First, we show a standard
case simulation for which the boundary conditions, the ini-
tial conditions and the parameters are given in Table 2 and
Fig. 2. Water is injected into an initially oil-filled (i.e., resid-
ually saturated with water) and H2S-free reservoir. This is
achieved by setting constant values at the western and east-
ern boundaries, while the northern and southern boundaries
are assumed to be impermeable. The conditions at the East
are identical to the initial conditions. At the West, inflow of
water is ensured by assigning a higher pressure at the bound-
ary than within the domain and, assuming that the boundary
is sufficiently near to the injection well, a water saturation of
unity. The water entering the domain is assumed to contain a
given amount of H2S produced by bacteria near the injection
well – hence X gw = 0.01 is set at the western boundary.
The results are presented in Fig. 3, where the flux of oil,
water and H2S at the East boundary, i.e., close to produc-
tion well, are plotted as a function of time. We see that the
water breakthrough takes place after three days, while H2S
is not produced before the the eleventh day, approximately.
This retardation of the transport of H2S within the domain
is caused by the mixing of the H2S with the residual oil
and adsorption at the surface of the rock. The parameters
which control the character of the simulation results are the
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Absolute permeability 2.0 × 10−14 m2
Residual water saturation, Swr 0.2
Residual oil saturation, Sor 0.2
Density water 1100 kg/m3
Density oil 750 kg/m3
Viscosity water 0.5534 × 10−3 Pa·s
Viscosity oil 1.0322 × 10−3 Pa·s
Solubility oil in water, Xow 0
Solubility water in oil, Xwo 0
Adsorption capacities; first phase Cr1 , second phase Cr2 Cr1 = 2, Cr2 = 2.4 kg/m3
Adsorption function coefficients, k1, k2 k1 = 4.5 × 10−4, k2 = 4k1
Diffusion coefficient dH2So 1.0 × 10−9 m2/s
Diffusion coefficient dH2Sw 1.0 × 10−9 m2/s




m = 1 − 1/n
Se = Sw−Swr1−Swr −Sor , for 1 − Sor > Sw > Swr
α 2.8 × 10−4
n 1.67













Boundary Type State Variable Value Unit Comment
West Dirichlet Water phase Xow 0.0 –
pw 3.2 × 107 Pa
X gw 0.01 –
East Dirichlet Both phases Sw 0.2 –
po 3.0 × 107 Pa
X go 0.0 –
North Neumann Both phases qw 0.0 kg/m2s no flow (water)
qo 0.0 kg/m2s no flow (oil)
qH2S 0.0 kg/m2s no flow (H2S)
South Neumann Both phases qw 0.0 kg/m2s No flow (water)
qo 0.0 kg/m2s No flow (oil)




po 3.0 × 107 Pa
X go 0 –
Phase state Both phases –
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Fig. 3 Fluxes of oil, water and H2S at production for the standard case
simulation
residual oil saturation, the adsorption capacity of the rock
and the amount of H2S flowing into the domain. In the fol-
lowing, simulations conducted in order to study the variation
of these parameters are presented. Finally, we present a test
case with a heterogeneous permeability field which affects
the adsorption capacities through the effective rock surface
area. The results from all simulations are compared with the
standard case.
7.1 Variation of the residual oil saturation
As oil mixes with H2S from the injected water, a fraction of
the H2S will remain in the residual oil. The higher the residual
oil saturation, the more H2S is immobilized as it mixes with
the residual oil. In the standard case, Sor = 0.2. In Fig. 4a,
results for Sor = 0.1 show a later water breakthrough than
in the standard case due to the larger amount of pore space
available for the water phase. On the other hand, H2S breaks
through earlier since the capacity of immobilization due to
mxing with residual oil is reduced. Accordingly, in Fig. 4b,
where Sor = 0.4, the water breakthrough takes place earlier,
and H2S reaches the production site later.
7.2 Variation of the adsorption capacity
In Fig. 5a, the adsorption capacities are halved compared
to the standard case such that Cr1 = 1 kg/m3 and Cr2 = 1.2
kg/m3. We see that water breakthrough has not changed from
the standard case (which is obvious since the flow of water is
not depndent on the adsorption of H2S), but the H2S reaches
production faster than in the standard case since a smaller
amount of H2S can be immobilized due to adsorption. When
doubling the adsorption capacities such that Cr1 = 4 kg/m3


















































































Fig. 4 Fluxes of oil, water and H2S at production for different resid-
ual oil saturation values. The continous line represents the H2S flux,
the dashed line is the water flux, and the oil flux is depicted with the
dotted line. The results of the standard case simulation are shown in
gray. a Lower residual oil saturation, Sor = 0.1. b Higher residual oil
saturation Sor = 0.4
production much later than in the standard case, while water
breakthrough is not changed. In both cases, the adsorption
function parameters k1, k2 (see Sect. 5 and Table 2) are not
changed from the standard case.
Note that the changes in residual oil saturation and adsorp-
tion capacity have a very limited effect on the flux of H2S
after breakthrough (i.e., at steady state).
7.3 Variation of rate of H2S generation
In Fig. 6, results from simulations with lower and higher
amounts of H2S in the injected water, are shown. In the case
resulting in Fig. 6a, the mass fraction of H2S in water at
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Fig. 5 Fluxes of oil, water and H2S at production for different sets of
adsorption capacities. The continous line represents the H2S flux, the
dashed line is the water flux, and the oil flux is depicted with the dotted
line. The results of the standard case simulation are shown in gray. a
Lower adsorption capacities, Cτ1 = 1, Cτ2 = 1.2. b Higher adsorption
capacities, Cτ1 = 4, Cτ2 = 4.8
injection is halved compared to the standard case such that
X gw = 0.05. We see that H2S reaches production later than
in the standard case, and that the flux is also lower, both as
expected. In Fig. 6b, results from doubling the mass fraction
of H2S in water at injection are shown. As expected, H2S
reaches production earlier and with a higher flux than in the
standard case.
7.4 Heterogeneous permeability field
Here, we present a simulation in which the permeability field
is heterogeneous; see Fig. 7a. All other parameters and initial


















































































Fig. 6 Fluxes of oil, water and H2S at production for different amounts
of injected H2S. The continous line represents the H2S flux, the dashed
line is the water flux, and the oil flux is depicted with the dotted line.
The results of the standard case simulation are shown in gray. a Lower
H2S injection, X gw = .05. b Higher H2S injection, X gw = .2
between porosity, rock surface area and adsorption capacity
are explained. The values for Cr1,0 and Cr2,0 are identical those
of Cr1 and Cr2, respectively, of the standard case simulation.
In the given field, the total adsorption capacity of the domain
is equal to that of the standard case simulation.
In Fig. 7b, c, the distribution of adsorbed H2S by the rock
after 6 and 20 days, respectively, is shown. As expected, the
amount of adsorbed H2S is low in high permeable zones,
and high in low permeable zones. Between the extrema, the
permeability field and the adsorption distribution field are
not linearly related. In Fig. 8, we see that, due to preferential
pathways, the water front as well as the H2S front are not
as sharp as in the standard case. In addition, since less H2S
gets adsorbed in high permeable zones (see Fig. 7b) through
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Fig. 7 Comparison of permeability field and distribution of adsorbed
H2S at t = 6 days and t = 20 days. a Heterogeneous permeability field.
b Distribution of abosrbed H2S at t = 6 days. c Distribution of adsorbed
H2S t = 20 days
which most of the water flows, some H2S reaches production
earlier than in the standard case.
8 Concluding remarks
We have presented a model for the transport of hydrogen








































Fig. 8 Fluxes of oil, water and H2S at production for heterogeneous
permeability field shown in Fig. 7a, compared to the standard case.
The continous line represents the H2S flux, the dashed line is the water
flux, and the oil flux is depicted with the dotted line. The results of the
standard case simulation are shown in gray
H2S is injected into an initially oil-filled, water-wet reservoir.
The water breakthrough generally occurs before H2S reaches
production due to two retardation mechanisms: (1) mixing of
H2S with oil so that fractions remain in the residual oil and (2)
adsorption of H2S on the rock surface. An increase in resid-
ual oil saturation should result in later H2S production, and
a decrease should result in earlier H2S production, as shown
by simulations. An increase in the adsorption capacity of the
rock is also shown to result in a later H2S breakthrough. The
breakthrough time also depends on the amount of injected
H2S as shown by simulation examples. Finally, a test exam-
ple is given for the permeability–adsorption capacity relation.
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